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ABSTRACT
We investigate reddening by Milky Way dust in the low-extinction regime of E(B − V) < 0.15.
Using over 50 000 QSOs at 0.5 < z < 2.5 from the Sloan Digital Sky Survey (SDSS) data
release 7 (DR7) QSO Catalogue, we probe the residual SDSS colours after dereddening and
correcting for the known spectroscopic redshifts. We find that the extinction vector of Schlafly
& Finkbeiner is a better fit to the data than that used by Schlegel et al. (SFD). There is evidence
for a non-linearity in the SFD reddening map, which is similarly present in the V1.2 map of
the Planck Collaboration. This non-linearity is similarly seen when galaxies or stars are used
as probes of the SFD map.
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1 IN T RO D U C T I O N
Interstellar dust is ubiquitous and literally clouds our view of the
Universe beyond the most nearby stars, although visual absorption
is below 10 per cent on a third of the sky. Its main impact on dis-
tant galaxies and quasars is a bandpass-dependent absorption that
changes colours and luminosities to a degree that varies across the
sky. The interstellar dust associated with our Milky Way is suffi-
ciently nearby so that it alters the appearance of all extragalactic
objects, e.g. galaxies, quasars and supernovae therein, indepen-
dently of their distance. However, stars within the Milky Way are
affected only by the dust in front of them, so their appearance de-
pends on their location and the 3D-cloud structure of the dust (e.g.
Green et al. 2014). Extragalactic objects are also affected by dust in
the outskirts of galaxies that are close to the line of sight (Menard
et al. 2010), although for most objects this effect is negligible in
comparison to the Milky Way’s stronger foreground extinction.
Accurate knowledge of dust extinction is crucial for a whole
range of extragalactic studies that rely on measurements of accu-
rate spectral energy distributions (SEDs) and luminosities. It is thus
also crucial for the accurate measurement of distances where SEDs
and luminosities are used to infer them. Indeed standard candles,
e.g. Type Ia supernovae, are used to derive redshift–distance re-
lations, map the expansion history of the Universe and constrain
cosmological parameters.
It has now been asserted that uncertainties in the Milky Way dust
extinction are the second-largest source of systematic uncertainties
in the measurement of cosmological parameters from Type Ia su-
pernova samples (Betoule et al. 2014). The primary source is the
photometric calibration of supernova observations including an im-
perfect knowledge of filter transmission curves used in the analysis.
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As these primary uncertainties will be much reduced in the next
generation of supernova surveys, e.g. the SkyMapper Supernova
Survey (Keller et al. 2007), our understanding of Milky Way dust
extinction is the next-most important factor in the line. For this
reason alone, and for several others, we would like to improve our
understanding of dust extinction.
Most currently cited extragalactic work is based on the dust maps
and extinction vector by Schlegel, Finkbeiner & Davis (1998), here-
after SFD98. This map of estimated dust opacity was calibrated
such that the reddening of nearby elliptical galaxies, as expressed
in E(B − V), is on average correctly described. However, more re-
cently the accuracy of the SFD98 dust map and reddening vector
has been questioned. The works of Schlafly et al. (2010), hereafter
S10, and Schlafly & Finkbeiner (2011), hereafter SF11, have pro-
posed a new reddening vector, which in conjunction with the SFD98
dust map makes the dereddened Sloan Digital Sky Survey (SDSS)
colours of Milky Way stars more consistent. And using colours of
SDSS galaxies, Yahata et al. (2007) found unexpected non-linear
trends with reddening, which might be explained if the galaxies
themselves biased the SFD98 map by adding to the dust emission
from which the extinction is derived. Also, Peek (2013) has inves-
tigated a non-linearity in the SFD98 dust map that manifests as a
trend in the dereddened g − r colour residuals of elliptical galax-
ies. The feature seemed to disappear when using the first reddening
map (V1.1) by the Planck team, who have since published an update
(V1.2; Planck Collaboration XI 2013).
In this paper, we revisit these issues using SDSS quasars (QSOs)
and their dereddened colour residuals. Section 2 details our sample
and methods for dereddening the measurements. Section 3 investi-
gates the colour residuals when applying two currently considered
extinction vectors, those of SFD98 and SF11, and several alterna-
tive E(B − V) maps. Section 4 discusses a north–south asymmetry
seen in SDSS stars from the point of view of QSOs, and Section 5
discusses apparent non-linearities in the reddening map.
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2 DATA A N D D E R E D D E N I N G
2.1 The SDSS QSO sample
We use the data release 7 (DR7) of the SDSS QSO catalogue by
Schneider et al. (2010), which contains over 105 783 spectroscop-
ically identified QSOs, mostly in the Northern Galactic Cap. The
area of the Northern Galactic Cap has been consistently calibrated
using an ubercal approach (Padmanabhan et al. 2008), while the
supplemental areas at Southern Galactic latitudes cannot be put on
to the same calibration given it has no overlap with the main area.
Indeed, S10 find a north–south asymmetry in the colours of blue-tip
stars and discuss SDSS calibration differences as one possible ori-
gin. We thus restrict the sample to the area of the Northern Galactic
Cap for our main analysis, but compare the northern and southern
samples in Section 4.
We furthermore restrict the sample to a magnitude range of
i < 19.1, where the follow-up of the SDSS candidate list is com-
plete, and to a redshift range of z = [0.5, 2.5], where the SDSS
colours are not affected by the spectrum shortwards of the Lyman
break at 912 Å. We are thus left with 48 259 QSOs in our cleaned
sample (see Fig. 1 for a redshift histogram) and an additional 4597
QSOs at Southern Galactic latitudes. Most QSOs in this sample are
at very low reddening, as 65 per cent of them have E(B − V) < 0.03
while only 0.7 per cent have E(B − V) > 0.1.
According to the QSO target selection in the SDSS (Richards
et al. 2002), there is an exclusion zone for the stellar locus, in which
QSO candidates would be outnumbered by stars and spectroscopic
follow-up would become less efficient. This exclusion zone does
affect our sample in the redshift range z = [2.2, 2.5] such that the red
tail reaches the exclusion zone (see fig. 14 in Richards et al. 2002),
although they also claim that the sample is 90 per cent complete at
z < 2.5 (see their fig. 10). A varying bias in the reddening could still
lead to a variation in the exclusion of red QSOs. We find, however,
that restricting the QSO sample to z < 2.2 changed the results only
randomly and within the size of our error bars.
2.2 Dereddening stars and QSOs
Starting from an extinction law, we can derive bandpass-dependent
absorption coefficients for specific SEDs. The non-zero width of
a filter bandpass causes slightly different reddening for different
SEDs, and the absorption coefficients cited in SF11 are derived for
the SED of a star with Teff = 7000 K, log g = 4.5 and [M/H] = −1.
As our study is entirely based on QSOs, we first determine the ap-
propriate Aband values for QSOs using the SDSS bandpasses and the
SDSS QSO template spectrum by Vanden Berk et al. (2001), using
Figure 1. Left: redshift histogram of northern SDSS QSO sample used in
this paper. Right: reddening histogram using the SFD98 reddening map.
Two-thirds of the QSOs are at low reddening of E(B − V) < 0.03.
the extinction laws by Fitzpatrick (1999) and O’Donnell (1994) as
alternatives. While we use only one star spectrum at 7000 K effec-
tive temperature to compare with literature, we calculate absorption
coefficients for a whole grid in redshift and QSO continuum slope.
We then average these values with a weighting corresponding to
our QSO sample.
As usual, we define bandpass-specific absorption coefficients
Rband = Aband/E(B − V) and colour-specific reddening coefficients
Ra − b = Ra − Rb. We find the expected absorption coefficients for
7000 K stars and QSOs to be within |Rband| < 0.01 in the SDSS
griz bandpasses, but the u band has a bluer effective wavelength
when observing QSOs and thus an absorption coefficient larger
by Ru = +0.035. This implies Ru−g,QSO ≈ Ru−g,F∗ + 0.035, a
correction we take into account when comparing to the literature.
2.3 Redshift dependence of mean QSO colour
The observed-frame colours of QSOs depend on the spectral slope
of the QSO continuum light as well as on a contribution from
emission lines that changes with redshift as the lines move through
the filter curves. We thus determine empirically a QSO reference
colour as a function of redshift, so that the following analysis can
focus on relative colour offsets.
This reference colour is determined for every one of the six
SDSS camera columns independently, as every camera column has
its own set of detectors and filters with slightly varying transmission
curves (see Fig. 2). We determine the intrinsic colour of every QSO
by subtracting the estimated reddening from the observed colour,
using either the SFD98 or the SF11 reddening vector. The resulting
QSO colour histogram at fixed redshift shows a steep edge on the
blue side and a longer tail on the red side which is due to internal
reddening by dust in the QSO nucleus or host galaxy (see Fig. 3). For
distributions with strong tails, the interquartile mean of a property
(the sample mean obtained after excluding the two quartiles of most
extreme objects) is a more robust estimate of the typical value than
the regular mean considering the full distribution. But since the
QSO colour distribution is tailed only on the red side, we choose
to define our reference colour as the mean of the sample in a given
redshift bin after excluding a quartile at the red end but only an
octile at the blue end.
3 C O L O U R R E S I D UA L S A N D T H E
E(B − V) M A P
We now determine residual colours for each QSO by subtracting
the reference colour for the redshift and camera column of each
Figure 2. QSO reference colour versus redshift for six SDSS camera
columns. The camera columns show variations in detector efficiency and
filter curves.
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Figure 3. Histogram of QSO colour residuals, i.e. dereddened colour minus
reference colour, shown in reddening bins of full width E(B − V) = 0.02,
centred on the values shown by the legend. The shape is best explained by
a normal distribution that stems from the properties of the QSO accretion
disc and a red tail that is caused by internal reddening in the host galaxy and
its nucleus. Most relevant for this study is that the shape is intrinsic and has
no variation correlated with foreground reddening, as expected.
QSO and deredden it with a reddening estimated from the E(B − V)
map and reddening vector. We calculate the mean residual in bins of
estimated reddening again using our variant of interquartile means
that clips the reddest quartile and the bluest octile. If both the
E(B − V) map and the reddening vector are correct, the residuals
will show no trend with estimated reddening in any colour index.
However, the following issues could produce residuals.
(i) A wrong reddening vector means that the true Ra − b differs
from the assumed one, and overcorrecting or undercorrecting the
colour proportional to the reddening causes a trend of residual colour
with a slope of Ra−b = Ra−b,true − Ra−b,assumed.
(ii) A wrong scalefactor in the reddening map means that the
reddening vector appears to change in length but not direction, so
that the Ra − b values of all colour indices are stretched by the same
factor including, consistently, E(B − V) itself.
(iii) Biasing the SFD map in a spatially variable manner means
that lines of sight are moved to other reddening bins by variable
amounts. This can manifest as a non-linear trend, where the scale-
factor of the SFD map appears to change with reddening before it
stabilizes at E(B − V) levels where the bias disappears in noise. The
shape of the resulting non-linearity would be common to the resid-
uals of all colours. A non-linearity appearing only in one colour
index, however, would be best explained with a change in the red-
dening vector as we go from low-extinction regions in the sky to
high extinction.
Local biases of the reddening map could arise from a non-uniform
extragalactic FIR background as suggested by Yahata et al. (2007)
and Kashiwagi, Yahata & Suto (2013), from changes in the typical
emissivity of dust that was not accounted for, i.e. a wrong tempera-
ture correction (e.g. Peek & Graves 2010; Schlafly et al. 2010) and
from imperfect subtraction of zodiacal light.
We note that in all previous investigations Rg − r has always been
close to 1, since reddening in g − r and B − V are intrinsically
similar despite some difference in the wavelength coverage of these
pairs of passbands. Hence, there is a limit to residual slopes in g − r
that are compatible with a correctly scaled E(B − V) map as long
as the extinction law is smooth.
In Fig. 4, we show mean residuals in four SDSS colour indices
as a function of estimated E(B − V) for different dust maps and
reddening vectors.
3.1 Using the SFD98 reddening map
The top row of Fig. 4 shows residuals after classic dereddening
with SFD98, using their E(B − V) map and reddening vector. As
expected, we see no slope in g − r, at least at E(B − V) < 0.04,
but we see trends in the three other colour indices, suggesting the
need to modify the reddening vector. Indeed, SF11 have already
suggested an update, which we test in the next section.
3.2 Using the SF11 reddening vector
In the second row of Fig. 4, we plot the colour residuals after
dereddening with the SF11 reddening vector. We clearly see a non-
linearity at E(B − V) ≈ 0.06, most evidently in g − r, but indeed
in all colour indices, suggesting a need to modify the reddening
map as well. The non-linearity in the (g − r)-colours of QSOs is
very similar in shape and strength to that seen in galaxies by Peek
(2013), which we take as additional independent evidence of its
nature as an issue with the reddening map. However, if this non-
linear feature was restricted to the (g − r)-colour of QSOs, then it
could not be seen as evidence for an issue with the dust map despite
its coincidence with the Peek (2013) finding. Indeed, if it was absent
from other colours it would more likely be an issue with the SDSS
calibration that happened by chance to drift on the sky with the
distribution of reddening. A change in extinction law with position
in the sky could be hypothesized as well, although the effect looks
too strong to be compatible with a correct E(B − V). The suggestion
of a non-linearity common to all four investigated colours, however,
supports very strongly the idea that it is indeed a shortcoming of
the E(B − V) map.
We now describe the non-linearity in reddening to first order with
a simple approach: we choose to (1) keep reddening unchanged in
the interval E(B − V) = [0, 0.04], (2) increase the strength of
reddening by 50 per cent by remapping the interval E(B − V) =
[0.04, 0.08] on to EB−V ,corr = [0.04, 0.10], and (3) keep the strength
of additional reddening unchanged at E(B − V) > 0.08 by adding a
constant E(B − V) = +0.02 (see lines in Fig. 4). This description
has no physical background and is only an ad hoc fix. However, it
appears to describe the trends in g − r and i − z with the correct
strength. The match appears less good in u − g and r − i, although
this can also indicate a residual slope arising from a suboptimal
reddening vector.
3.3 Using a corrected map and the SF11 reddening vector
In the third row of Fig. 4, we assume the SF11 reddening vector
again but apply the non-linear correction to the E(B − V) map. As a
result, we now get near-perfect residuals in g − r and no significant
overall non-linearities. However, despite the S11 reddening vector
there remains a slope of Rr − i = −0.04, while in u − g there is a
suggestion of a deviation above E(B − V) = 0.03. We fit residual
slopes and determine improved Ra − b values for the low-reddening
regime of E(B − V) < 0.03 and the overall range separately. Us-
ing simple least-squares fits to the mean residuals in the figure, we
plot the two fits and list the results in Table 1 alongside the values
of SFD98 and SF11, which are calibrated for 7000 K stars (for a
fair comparison we also list the Ru − g value adjusted for 7000 K
stars). In summary, we note that the SF11 vector appears to under-
correct reddening in u − g, although our reddening coefficient of
Ru − g = 1.017 is much closer to the SF11 value of 0.936 than to the
SFD98 value of 1.362. Indeed, our value agrees perfectly with that
measured from blue-tip stars by S10.
MNRAS 445, 4252–4258 (2014)
 at The A
ustralian N
ational U
niversity on M
arch 24, 2015
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
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Figure 4. Colour residuals of QSOs versus reddening (arbitrary zero-points), implying an imperfect reddening correction. Top: using the SFD98 reddening
map and vector. Second row: using SF11 reddening vector with the SFD98 map (line is the predicted residual for the simple non-linearity correction). Third:
SF11 vector and corrected reddening (see Table 1 for fit parameters). Fourth: SF11 vector and Planck V1.1 map. Bottom: SF11 vector and Planck V1.2 map.
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Table 1. Ra − b values derived from linear fits to residual colour
trends: a significant change occurs in Ru − g around E(B − V) ≈ 0.04.
Ru − g is also affected by the different source SEDs of QSOs versus
7000 K (F-type) stars as used by S10 and SF11 (their table 6).
Colour Ra − b Ra − b Ra − b Ra − b
SFD98 SF11 E(B − V) < 0.03 all
u−g (qso) 0.879 ± 0.06 1.052 ± 0.02
u−g (F*) 1.362 0.936 0.844 ± 0.06 1.017 ± 0.02
g−r 1.042 1.018 1.067 ± 0.06 1.027 ± 0.02
r−i 0.665 0.587 0.515 ± 0.04 0.547 ± 0.02
i−z 0.607 0.435 0.388 ± 0.07 0.451 ± 0.02
3.4 Using the Planck maps
The Planck Collaboration published E(B − V) maps (Planck Col-
laboration XI 2013) in two versions, the first of which, V1.1, was
compared to the SFD98 map by Peek (2013): using the g − r
colours of galaxies they showed that the Planck map contained no
such non-linearity as the SFD98 map does at E(B − V) < 0.1. We
thus plot the full set of colour residuals of QSOs over the reddening
from both versions V1.1 and V1.2 of the Planck map in the two
bottom rows of Fig. 4. We use the SF11 reddening vector as it is
close to our best-fitting Ra − b values. We find indeed no sign of a
non-linearity in the range of E(B − V) = [0.04, 0.08], but instead
observe a change in behaviour only above E(B − V) = 0.07, where
the QSO data are noisier.
Furthermore, we observe significant slopes in all colours, includ-
ing g − r, which suggest that the V1.1 map is scaled too high and
leads to a general overcorrection of reddening in the very low ex-
tinction regime. This shortcoming was evidently put right by the
following version V1.2, where the reddening scale has been cali-
brated to fit the colours of QSOs and leave no residual by design in
g − r after dereddening. However, V1.2 also appears to contain a
significant non-linearity again at E(B − V) > 0.07.
3.5 Non-linearities in reddening maps compared
We finish this section by comparing the E(B − V) maps again with
u − z colour residuals. The colour index u − z spans the full range
of the SDSS filter set giving the maximum sensitivity to total ab-
sorption within the SDSS data set.1 Also, the reddening coefficient
we find, Ru − z = 3.04, is remarkably close to a canonically as-
sumed RV = 3.1,2 in which case we expect AV ≈ Ru − z. In Fig. 5,
we now deredden the data always with the SF11 vector, so that the
only difference between panels is the choice of E(B − V) map. We
clearly see the non-linearity of the classic SFD98 map (left-hand
panel), which is nearly removed by our simple approximation (sec-
ond panel). The Planck map V1.1 shows only a weak non-linearity
while the V1.2 map shows a non-linearity similar in strength to the
SFD98 map, but appearing at slightly higher E(B − V).
4 T H E S D S S N O RT H – S O U T H A S Y M M E T RY
S10 have reported a remarkable colour difference between blue-tip
stars in the SDSS footprints at Northern versus Southern Galactic
1We repeated the exercise with g − z to avoid possible calibration issues
with the SDSS u band, but found similar results.
2Berry et al. (2012) and Mo¨rtsell (2013) constrain RV ≈ 3 from stars and
quasars, respectively, and find no evidence of large variations at high b.
latitudes. The degree of this difference is below 0.03 mag for any
colour index formed from a neighbouring pair in wavelength, but
adds up to 0.049 mag across the full range from u to z, which
would be slightly above the target calibration accuracy of better
than 0.03 mag in any band. A subsequent study (SF11) based on
a wide variety of stars and intrinsic colours predicted by spectral
properties found a milder calibration gradient with a u − z colour
difference of only 0.024 mag between north and south. Possible
origins of this difference in observed colour included differences
in calibration, in dust properties and in the stellar population of the
two Galactic hemispheres.
Here, we have probed the colour differences of QSOs between
the two hemispheres and confirm a u − z colour difference at the
level of ≈0.03 mag (see Table 2). However, the result is not unique
given the uncertainty about the E(B − V) scale, which we subjected
to an ad hoc non-linearity correction. While >80 per cent of the
northern QSOs are at E(B − V) < 0.04, where we have not applied
any correction, only a third of the already 10 × smaller southern
QSO sample is. We thus determine the colour difference between
north and south for both a very low reddening sample and a larger
sample with the altered E(B − V) scale. The results are consistent
within the errors, and are also broadly consistent with those of S10
and SF11, with the one exception that both we and S10 find the
largest contribution coming from an offset in g − r, while SF11 find
a smaller g − r offset.
We consider it extremely unlikely that there is any hemispheric
difference in z > 0.5-QSO populations. Differences in dust prop-
erties are not ruled out, although we consider this option unlikely
given the low levels of reddening and the fact that the largest colour
difference is seen specifically in the g − r colour, both for QSOs
(0.017 mag) and blue-tip stars (0.022 mag). We thus propose that
the predominant cause of the north–south asymmetry is a difference
in the SDSS flux calibration, which could perhaps be confirmed by
a comparison with Pan-STARRS photometry (Schlafly et al. 2012).
5 O R I G I N O F N O N - L I N E A R I T I E S
I N T H E SF D 9 8 M A P
The SFD98 map has been tested for reliability using residual colours
of stars (S10), galaxies (Yahata et al. 2007; Peek & Graves 2010;
Peek 2013) and now also QSOs (this work). The most recent work
on stars is based on Pan-STARRS1 (Schlafly et al. 2014). Where
they plot residuals versus reddening levels, these works appear to
agree in finding consistent features:
(i) fig. 5 of Yahata et al. (2007) as well as Peek (2013) show
apparent g − r-residuals of galaxies over SFD reddening, which
mimic in structure and magnitude the feature we find among QSOs
before our simple non-linearity correction.
(ii) Although the focus of the work using stars is on the higher
reddening regime, both S10 and Schlafly et al. (2014) find a non-
linearity also at the low levels of reddening discussed in this work.
S10 plot similar results within the errors, but do not investigate them
in detail; the Schlafly et al. (2014) results are much more sensitive
than S10 and show a non-linear difference between their E(B − V)
map inferred from star colours and SFD98, which is very similar
in magnitude and structure to our non-linearity correction, albeit
smoother than our simplistic step-wise linear model.
Schlafly et al. (2014) express surprise about this difference be-
tween their extinction map and SFD98 and say its cause is not un-
derstood; they find indeed nearly identical residuals whether they
compare against the SFD98 map or the τ 353-estimate of the Planck
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Figure 5. Colour residuals in u − z versus reddening using four different E(B − V) maps and the SF11 dereddening vector. The original SFD98 map and the
Planck V1.2 map appear to have a non-linearity changing the slope around E(B − V) ∼ 0.05.
Table 2. Colour difference south–north measured after dereddening with
SF11 law, using only QSOs at E(B − V) < 0.04 or including QSOs up
to E(B − V) < 0.1 on the scale corrected for non-linearity; our values are
broadly consistent with two previous results from SDSS stars (S10, SF11).
Colour c (mmag) c (mmag) Blue tip Spectrum
E(B − V) < 0.04 E(B − V) < 0.1 S10 SF11
u − g +0.7 ± 1.6 +1.2 ± 1.1 +7.6 +2.3 ± 7.2
g − r +15.3 ± 1.3 +17.3 ± 0.9 +21.8 +8.8 ± 1.5
r − i +4.0 ± 1.0 +4.0 ± 0.7 +7.2 +3.4 ± 1.9
i − z +9.4 ± 1.1 +11.9 ± 0.7 +12.4 +9.3 ± 1.6
u − z +30.3 ± 3.3 +34.7 ± 2.2 +49.0 +23.8 ± 7.7
V1.2 map, which is an estimate of the dust optical depth. However,
Kashiwagi et al. (2013) have demonstrated that the E(B − V) map
of SFD98 is locally and systematically elevated at the locations of
galaxies, most likely due to the far-infrared emission of these galax-
ies and their clustered environment. By stacking the SFD map at
the locations of galaxies detected in SDSS they could quantify this
effect even for faint galaxies of r ≈ 20. They also found that the
added FIR flux did not originate solely from the galaxies, on which
the stacking was centred, but had a significant contribution from the
group environment including galaxies that were too faint to be seen
in SDSS, but still expected to cluster with the primary galaxy.
The effect moves the lines of sight near overdensities of galaxies
to apparently larger SFD98-reddening, and Kashiwagi et al. (2013)
claim that it is strong enough to produce the apparent non-linearities
in colour residuals with reddening seen by Yahata et al. (2007). If
the clustered FIR background from galaxies can thus explain the
residuals of galaxies described by Yahata et al. (2007) and Peek
(2013), it can also explain similar residuals on the lines of sight to
stars and QSOs. When Kashiwagi et al. (2013) stacked the SFD98
images of QSOs, they found only a very weak effect that amounts
to a bias of less than 1 mmag in E(B − V), and one might thus
expect that QSOs should not display such non-linearities. How-
ever, we need to differentiate the contribution of an object to a
bias in the map from the bias an object is subjected to because of
other objects. In fact, there are several galaxies adding to the FIR
background per resolution element in the SFD98 map (smooth-
ing length ∼6 arcmin). In the study by Kashiwagi et al. (2013),
12.6 million galaxies with r < 20.5 over a 7270 deg2 footprint
translates into an average of ∼14 galaxies per SFD98 smoothing
circle, and thus all possible lines of sight in the sky are subject to
clustered random variations in the extragalactic FIR background.
While Finkbeiner, Davis & Schlegel (2000) discovered a mean
extragalactic FIR background, it still varies on scales ranging from
much less than their map’s resolution to larger than that. The FIR
emission of distant galaxies is localized mostly by the extend of
these galaxies, which is much smaller than the resolution of the
SFD map, while the clustering of galaxies arranges their smoothed
contribution into objects that are potentially larger than the reso-
lution. Without prior knowledge of the locations of the galaxies
SFD98 were thus not able to subtract this structured background.
Any resolution element of the dust emission map thus contains a
smooth contribution from Milky Way dust, which corresponds to
an amount of extinction that represent the average over the lines of
sight, plus a contribution from much smaller sources with a very
small areal coverage that is being smoothed across the resolution el-
ement of the map and contaminates the extinction estimate of those
lines of sight that look past the emitting small and distant galaxies.
It is therefore natural that any line of sight including those to stars
and QSOs are fully affected by the biases in the reddening map that
result from the unresolved but structured extragalactic background.
The smoothing length of the SFD98 map makes the extinction bias
along the lines of sight to galaxies non-specific and carries the bias
to nearby lines of sight to stars and QSOs alike, and while QSOs
may add only little to the bias, they are still fully affected by the
bias introduced by galaxies.
The features of the reddening map can thus be probed with any of
these three tracers, which have different (dis)advantages: stars are
common and their photometry is straightforward, but they reside
at different distances and may only be subject to part of the inte-
grated line-of-sight extinction; galaxies are common, but may have
clustering-dependent colours and their photometry can be biased
by internal colour gradients and variation in seeing; QSOs may be
the least biased probe, but they are rare and require averaging over
wider areas.
6 C O N C L U S I O N
We have used QSOs at redshifts 0.5 < z < 2.5 from the SDSS DR7
QSO Catalogue (Schneider et al. 2010) to investigate reddening
due to Milky Way dust at low extinction of E(B − V) < 0.15. After
dereddening and correcting for redshift with a function specific for
each SDSS camera column, we find the dispersion of QSO u − z
colours to be 0.14 mag, independent of redshift and reddening.
This statistic is obtained after slicing off the bluest octile and the
reddest quartile to remove outliers and suppress noise from internal
reddening of QSOs. We can thus determine mean colour residuals in
any subsample with errors of 0.14 mag/
√
N achieving a precision
of 2–30 mmag in u − z for our chosen reddening bins.
We confirm that the SF11 reddening vector is a big improvement
over the SFD98 vector, although we prefer a slightly higher u-band
extinction with a reddening coefficient Ru − g = 1.017 instead of
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0.94, in perfect agreement with that measured from blue-tip stars
by S10. We also confirm an apparent non-linearity in the E(B − V)
scale of the SFD98 reddening map, which is very similar to that
found by Yahata et al. (2007) and Peek (2013) using the colour
residuals of galaxies, and which is also consistent with differences
between the SFD98 map and the Pan-STARRS1 reddening map that
was derived from star colours.
A possible explanation for this behaviour was given by Kashiwagi
et al. (2013), who show that the unresolved FIR background from
galaxy groups introduces a faint but highly structured signal into
the SFD98 map, which, after smoothing, affects all lines of sight,
whether they point to the galaxies making the bias or instead to stars
and QSOs on nearby lines of sight.
Assuming the SF11 extinction coefficients, residuals in u − z are
a very good approximation of AV-residuals. Using these residual
measures, we compare the linearity properties of several reddening
maps including those by the Planck team. We find that the Planck
V1.1 map has no strong non-linearity in E(B − V), but seemingly
a wrong E(B − V) scale, while V1.2 has by design the right scale
below E(B − V) < 0.07 (as it is calibrated with QSO colour residuals
in this regime), but again a non-linearity above.
We conclude that the colours of extragalactic objects are use-
ful constraints on the photometric calibration and total Milky Way
reddening corrections in wide-area surveys. They can be used to
constrain the mean precision of colours over wide areas to mil-
limagnitude levels and are useful to zoom into the properties of
reddening in the low-extinction regime at E(B − V) < 0.03. We also
showed that the north–south asymmetry seen in SDSS blue-tip stars
by S10 is replicated in the colours of QSOs. In the future, we intend
to use colour residuals of QSOs also in the ongoing SkyMapper
Southern Survey to verify calibration and reddening.
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